Genetic transformation in Haemophilus influenzae is a natural process involving regulated gene expression, nucleic acidprotein interactions, macromolecular transport, and genetic recombination. Competence for transformation is induced in growing cultures by physiological change occurring during late-logarithmic-phase growth, by a temporary shift to anaerobic conditions, or by transfer of cells to a chemically defined medium such as MIV (1, 2) .
Although the biochemical fate of transforming DNA in H. influenzae has been characterized (reviewed in ref.
3), only recently has the molecular cloning of transformation genes allowed the identification of several components of the transformation apparatus. Recently, both the crp+ and cya+ (adenylate cyclase) genes from H. influenzae were cloned and shown to be essential for competence development (4, 5), suggesting that H. influenzae cAMP-cAMP receptor protein (CRP) complex may function to regulate the expression of competence-specific genes. Tomb (6) has shown that por+, encoding a periplasmic oxidoreductase homologous to DsbA and TcpG, is required for the proper recruitment of polypeptides into the competent cell outer membrane. Components of the translocation machinery, as deduced by the phenotype of mutants, include the products of the recently cloned and sequenced comlOlA+ (7, 8) and rec-2+ (9) genes. Rec-2 is homologous with the Bacillus subtilis comE-open reading frame (ORF) 3 transformation gene product (9, 10). Both proteins are predicted to have multiple membrane-spanning domains that putatively form the pore through which transforming DNA enters the cell.
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Here we report the identification of an H influenzae transformation gene, tfoX+,t that when present on a multicopy plasmid confers upon strains constitutive competence. We provide evidence that tfoX+ is an early competence gene whose expression is modulated by cAMP-CRP and that TfoX is required for the expression of the late competence gene, com1OlA+ [comF+ (11) ].
MATERIALS AND METHODS Bacterial Strains and Plasmids. H. influenzae strains KW20 (wild type) and MAP7 [resistant to novobiocin and nalidixic acid (Novr, Nalr)] have been described (12). GBH strains were derived from strain KW20 by transformation. Strain GBH6.6 contains a 2.0-kb aadA+ [spectinomycin resistance (Spcr) (13)] gene insertion at the SnaBI site of the tfoX+ coding sequence (see Fig. 1 ). The genetic structure of GBH strains carrying insertion mutations was verified by Southern hybridization.
Plasmids pHKRec (rec-l+ tfoX+ kan+) and pGJB103 (bla+ tet+) have been described (12). Plasmids pJZMC and pJZMS contain either the promoter region and N terminus of the tfoX coding sequence or tfoX+, respectively, in pGJB103. Plasmids pJZSSX1.2 and pJZSSX2 contain the 0.7-kb Sca I tfoX+ DNA fragment in opposite orientations in vectors pTZ19 or pTZ18, respectively. Two pJZSSX1.2 subclones, pXlNE and pXlCE, have undergone C-terminal deletions of tfoX initiating at either the unique Nsi I site or the unique Cla I site, respectively, within the coding sequence (see Fig. 1 Fig. 4A , lane 1) that mapped to position 193 (Fig. 1,  +1 ). This result was confirmed (±1 bp) by nuclease S1 mapping using primer D (data not shown). A candidate promoter with hexamers homologous to the conserved -10 and -35 sequences of the E. coli u0-dependent RNA polymerase promoter (25) tfoX-insertion mutant GBH6.6 exhibited wild-type colony morphology, color, and growth rate patterns. The transformation frequency for strain GBH6.6 and wild-type strain KW20 was determined by the MIV procedure. The transformation frequency was <10-7 for strain GBH6.6 and 10-2 for strain KW20 (Table 1 ). The transformation defect of GBH6.6 was further characterized by determining cellular ability to bind and internalize radiolabeled DNA as described (30). Strain KW20 internalized 96% of bound DNA, while GBH6.6 failed to take up more than 0.5% of the DNA ( to 0.5 ml of cells passaged through MIV competence-inducing medium and processed as described (12). The values are the average of two samples; 23 cpm background was subtracted from each sample.
GBH6.6 carrying plasmid pJZMS showed constitutive highlevel competence that increased no further upon addition of cAMP to the culture medium (Fig. 2) TfoXs that resulted from in-frame fusions between tfoX and vector lacZa sequences produced during the preparation of the C-terminal deletions.
Transcription of H. influenzae comlOIA+ Is Modulated by TfoX. First we investigated the pattern of tfoX+ and comlO1A + mRNA synthesis in strain KW20 by employing a primer extension assay (Fig. 4A) . Our results show that upon brief exposure to MIV competence-inducing medium levels of tfoX' mRNA increased about 3-to 4-fold (as determined by densitometry of the autoradiogram). Subsequently, tfoX+ mRNA levels steadily declined. As shown previously by Larson and Goodgal (7), comlOlA I mRNA was temporally regulated, peaking at the 50-min point of competence development.
To determine what effect the loss of TfoX activity might have on comlOlA + expression, total RNA was prepared from strain GBH6.6. We failed to detect comlOlA+-specific transcripts at any time (Fig. 4B, lanes 1-5) , even after the exposure time of the autoradiogram was increased 4-fold. To eliminate the possibility of a primer defect, a parallel reaction mixture containing the same labeled comlOlA+ primer was annealed with RNA harvested from strain KW20. The specific comlOlA + extension products were observed (Fig. 4B, lane 6) . To eliminate the possibility that the GBH6.6 RNA preparation was defective, reaction mixtures containing the tfoX+ primer and RNA isolated from strain GBH6.6 were analyzed. Only the tfoX primer extension product was detected when both primers A and C were annealed with RNA prepared from strain GBH6.6 (Fig. 4B, lanes 7 and 8) . When the same labeled primers were used with strain KW20 RNA (Fig. 4B, lane 9) both tfoX+ and com1O1A+ extension products were observed.
We conclude that TfoX is required for proper expression of com1O1A+ mRNA.
A tfoX::acZ Transcriptional Fusion Is Regulated by cAMP and CRP. We determined the effect of cAMP addition and a crp+ gene mutation upon the expression of tfoX by using two tfoX::lacZ operon fusion strains. As shown in Fig. 5 , strain GBH2.1 showed an approximately 3-fold induction in ,3-galactosidase activity 30 min after the addition of cAMP. At this time, the transformability of strain GBH2.1 was determined to be 100-fold higher than a parallel culture lacking cAMP (data not shown). Interestingly, the same increase in 13-galactosidase activity was observed for strain GBH2.1 after 180-min incubation, as the cells entered stationary phase of growth, even in the absence of exogenously added cAMP. cAMP was unable to increase the level of 13-galactosidase activity in the crp strain, . . tfoX.::lacZ transcriptional fusion showed that tfoX+ transcription is positively regulated by cAMP in a CRP-dependent manner (Fig. 5) . Although Chandler (4) and Dorocicz et aL (S) have demonstrated a requirement for CRP and adenylate cyclase, respectively, for competence development in H. influenzae, tfoX+ is, to the best of our knowledge, the first transformation gene for which there is direct evidence for transcriptional modulation by cAMP and CRP.
The production of two forms of TfoX in H. influenzae could be used by the cell as a mechanism to regulate activity, especially since tfoX1 mRNA can be detected in noncompetent cells (Fig. 4A) . Interestingly, Kofoid and Parkinson (33) have demonstrated that the E. coli chemotactic signal transduction gene cheA + encodes two functional polypeptides (CheAL and CheAs) that differ at their N termini by 97 amino acid residues.
The tfoX mutant (GBH6.6) is defective for DNA binding, uptake, and transformation. The strain was also tested for resistance to DNA-damaging agents such as 4-nitroquinoline-1-oxide and UV irradiation and found to be wild type (data not shown). Thus it is likely that general recombination and DNA repair functions are intact and are not responsible for the mutant phenotype.
On the basis of our data (Fig. 4) .g., comlO1A+ ). In the presence of Por (6) (and other proteins), the transformasome complex is assembled and cells become transformable. Refinements of the model will be possible as we learn more about the biochemistry of TfoX.
